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SUMMARY

This report is devoted to the development of display
concepts for landing an aircraft in reduced weather minima.
The report is divided into six sections. The first, the
introduction, explains the other five.

The second section is devoted to a statement of the
factors which influence the all-weather landing problem.
Factors of weather, aircraft, pilots, cockpit instrumenta-
tion, ground facilities, sociopsychological~legal problems,
and the man-machine interface are considered.

The third section is an analysis of the VFR landing
task. The results of the analysis suggest that the pilot
makes three separate distance judgments: when to initiate
the final approach; whether the aircraft will make it to the
runway; when to initiate the flare maneuver.

It was found helpful to construe the information pre-
sented during the VFR landing task as a compensatory display
which the pilot used to track a ramp to the runway aiming
point.

The fourth section presents the results of a study of
pilot acceptance of displays for landing in reduced weather
minima. The study included a special consideration of the
reliability and validity of pilot preferences. The results
indicate that pilots prefer a wind screen display which
presents a pictorial representation of the landing situation
as well as the relationship of the aircraft to the glide
slope and localizer. Pilots prefer a display which presents
airspeed information, but not necessarily altitude. Pilots
preferences were internally consistent (reliable) and they
were valid as compared with human engineering recommendations
for displays of altitude, airspeed and sink rate.

The fifth section presents a display for Category II
weather landing which results from the analysis of the land-
ing task and the results of the preference study; and pre-
sents two display concepts. It is felt that this display
would be compatible with Category III requirements.

The final section presents a program of experimentation
to refine the display suggested in the fifth section.



INTRODUCTION

This report is devoted to the development of a display
for landing an aircraft when the ceiling is 100 feet and
the Runway Visual Range is 1300 feet, i.e., Category II wea-
ther minima. The report is divided into six sections. The
second section is intended to put the effort into perspective
as regards all-weather landing. Section three, an analysis
of the landing task under VFR conditions, is intended to
develop the kinds of information needed to facilitate the
decisions which the pilot must make and to elucidate the
nature of the VFR landing display. The analysis is then
extended to the IFR landing. Section four describes an
acceptance study which was conducted with pilots to determine
their needs and desires for information presentation in low
visibility landings. Section five brings together the in-
formation from sections three and four, to develop the
information requirements for an adequate display and to
develop criteria by which a display could be judged. The
sixth and final section suggests a program of experimentation
for the evaluation of displays for all-weather landing.

Serendipity Associates wishes to express its apprecia-
tion to Mr. Pat Zinnato of Amcan Airparts, 10415 Burbank
Boulevard, North Hollywood, who very kindly allowed us to
take photographs for the stimulus materials of the pilot
acceptance study. :

We are indebted to the many American Airlines pilots who
served as volunteer interviewees.in the study. American
Airlines management personnel cooperated in finding volunteers
and in providing office space for the conduct of the inter-
views. We are particularly indebted to Captain Robert Baker
who provided advice, assistance, and office space.



ALL-WEATHER LANDING

The purpose of this section is to put the present report
into context. We will consider some of the factors associated
with the problem of all-weather landing, and thus, hopefully,
put the development of visual displays for all-weather landing
into context.

Weather

First, consider the term "all-weather landing". itself.
The intention of this term is entirely too inclusive. It is
quite conceivable that all-weather landing will never be
achieved, and that one would not want to achieve it. The
goals for landing in reduced visibility are much more modestly
stated, in terms of ceiling and runway-visual range, as (17):

Category I, 200 foot ceiling and 2600 feet visibility;
Category II, 100 foot ceiling and 1300 feet visibility;

Category III, operation down to and along the surface
of the runway unrestricted by closed base and visi-
bility conditions.

Aircraft

A second factor is the aircraft itself. There are two
classes of problems here. One of these is the technique of
landing the aircraft. Here we refer to the necessity for a
crab approach in a crosswind and to the necessity for flaring
the aircraft prior to touchdown. It would be very desirable
if aircraft could be designed to eliminate these two maneuvers,
at least for commercial aircraft.

The second class of problems associated with the aircraft
is new vs. o0ld aircraft. Aircraft last a long time. Except
for very unusual situations, aircraft are very durable. This
means that it may be a very long time before zero-zero wea-
ther landings will be routine for all commercial aircraft.

Pilots

A third set of factors in all-weather landing is that of
pilot's and piloting technique. Pilots, being human beings,



exhibit many of the characteristics of Homo. sapiens. They
tend to be creatures of habit, especially in emergencies.

A further complication.is that pilots. have thousands of
hours of experience in the older .aircraft. .If they did not.
have this experience they would not be in the positions

in which they find themselves~since neither the airlines,
the FAA nor the ALPA would allow them to sit in a Captain's
seat. Further, there is justification for this emphasis on
experience.

The point is that experience in older aircraft does not
guarantee complete competence in landing an aircraft with
different design and handling characteristics. The new air-
craft are larger, they cruise at higher speeds, but they land
at substantially the same speed as older aircraft. As a
consequence, their handling characteristics on landing are
poorer than those of the older aircraft. This means that
the landing maneuver with the newer aircraft must be accom-
plished with much more precision than with the older aircraft.

Ground Facilities

The fourth factor is ground facilities and equipment.
The first consideration is that there is no standardization
as regards landing aid (e.g., Instrument Landing System)
placement. At one airport the ILS may be at the approach
end of the runway. At another--Logan Airport at Boston--it
may be 3000 feet from the approach end of the runway. Thus
airports are frequently not as long as the aeronautical chart
indicates——at least as far as the zero-zero weather landing
is concerned. It would seem desirable to have such matters
standardized.

A second problem which follows immediately upon that of
ILS placement standardization is the capability of the ILS
equipment itself. The following quotation from the Airman's
Guide for 6 October, 1964 speaks for itself.

"BURBANK, LOCKHEED AIR TRML TWR: ILS glide slope
rnwy 7 unusable below 1075' MSL."

The Lockheed Air Terminal is quoted as having an altitude of
775 ft. MSL. Thus the ILS is unusable after the aircraft
reaches an altitude of 300 feet above the runway surface.



A third problem as regards airports is the runway width
in relation to the decrab and roll=-out maneuver. They are
too narrow. The problem for the pilot-as Bob Bakerl has
remarked-" is to thread a needle with his aircraft." Now if
one couples this with the fact the new aircraft are becoming
more expensive, and that law suits are making passengers
more expensive, the 25 million dollar Supersonic Transport
will not have to go off a runway many times before it will
be recognized that runways should be wider. The wider runway
may be the only answer to the decrab problem when aircraft
become more expensive, and precision landings in reduced
visibility are required.

Instrumentation

The fifth factor is cockpit instrumentation. The
instrument panel is straight up and down. Instruments near
the top are nearly perpendicular to the pilot's line of sight.
However, instruments near the bottom are presented at an angle
of 45-50 degrees with respect to the pilot's line of sight.

It would be a simple matter to tilt the lower portion of the
panel about 45 degrees and present all instruments at a more
appropriate viewing angle.

As regards engine instruments the pilot must infer per-
cent of thrust from one of several meters. The one he
uses depends upon the kinds of trouble he has experienced in
the past with errors in a particular instrument, the altitude
at which he is flying and the maneuver he is making with the
aircraft. ‘

Simple switches are designed so that the pilot must push
his hand up and backward to turn them off for one instance,
and up and forward to turn them off for another.

There are artificial horizons which roll over if the air-
craft exceeds a bank of 60 degrees. Such an instrument is
designed for straight and level flight and the normal banks
of transport aircraft flight. However, an aircraft might be
caught in turbulence and tipped up more than 60 degrees.

lManager of Flying Training, American Airlines, Los Angeles,
California.



Finally, it must be remembered that the landing comes
at the end of the flight when the pilot is not maximally
alert, and when he needs a straightforward, simple display.
Well-rested pilots can fly an aircraft with almost any kind
of instrumentation, but not tired pilots.

Sociopsycho-legal

A sixth factor is the sociopsychological-legal considera-
tions of flight. We consider first the legal matter. FAA
regulation states--

"91.3 RESPONSIBILITY AND AUTHORITY OF THE PILOT
IN COMMAND

(a) The pilot in command of an aircraft is
directly responsible for, and is the final
authority as to, the operation of that
aircraft.

(b) In an emergency requiring immediate action,
the pilot in command may deviate from any
rule of this subpart or of subpart B (Flight
rules of rlght of—way, acrobatic flight, ATC
clearances, minimum safe altitudes, etcaz) to
the extent required to meet that emergency.

(c) Each pilot in command who deviates from
a rule under paragraph (b) of this section
shall, upon the request of the Administrator,
send a written report of that deviation to the
administrator."

It would be very interesting to observe the behavior of the
Congress of the United States--to say nothing of the public
in general--if the FAA should suggest a modification of 91.3
to read

"(a) The pilot in command of an aircraft is directly
responsible for, and is the final authority
as to, the operation of that aircraft, ex-
cept when landing under zero-zero minimums,
when the final responsibility is that of the
automatic all-weather landing system.”

2Insert ours.



Social psychological aspects are of two kinds. The first
of these is the expectation which pilots have concerning their
role in landing the aircraft, in relation to their legal res-
ponsibilities. Pilots are--and will in the future--be critical
of, will not accept and will not use any kind of a landing
aid, regardless of how good it is, if the operation of that
aid makes it impossible for the pilot to "keep ahead of the
aircraft," or if the operation of that aid tends to put the
aircraft in an unusual attitude during the landing phase of
flight (18). - :

The second aspect for consideration is as regards the
attitude of the public toward the delegation of responsibility
for landing the aircraft. Little or no information is avail-
able at present, but it would be wise to determine public
acceptance attitudes early in the game.

Man~Machine Interface

A seventh and final factor is that of a realistic attitude
toward the man-machine interface as regards landing in zero-
zero weather. There is always some finite probability, no
matter how small, that automatic equipment will fail. Thus,
the pilot will always be there, if only to back-up an auto-
matic system., Now, the nature of the landing task regquires
that the pilot have certain information displayed to him, if
he is to adequately back-up an automatic system. Furthermore,
the pilot cannot, if he is to obtain this information play
the role of a passive monitor of the automatic system. If
he does he will not acquire the information he needs. The
reason is that not all of the information can be imparted
via a single information channel. In landing an aircraft,
regardless of extra-cockpit visibility, the pilot uses and
needs visual, kinesthetic and motion cues. Thus, we use
the term display in a much broader sense than it is conven-
tionally used, i.e., visual display. Further, in utilizing
these kinds of information the pilot is not concerned alone
with what the aircraft is doing. He uses this information
along with a knowledge of the aircraft handling characteristics
to infer what the aircraft will do in the immediate future. He
behaves in such a way as to stay ahead of the aircraft. Thus,
even if the automatic route should be adopted, the possibi-
lity of electronic failure is such that an adequate man-
chine interface will require an information display which
provides visual, kinesthetic and motion cues which afford a
present denotation and an intention for the immediate future.
Without such, the pilot cannot stay ahead of the aircraft.




It is thus seen that the present report is devoted to a
small, albeit important, part of the reduced visibility landing
problem. It is concerned with the visual display of infor-
mation to facilitate the task of landing under these conditions.




THE LANDING TASK

Introduction

The problem is to develop a display which will assist the
pilot to make a safe landing in reduced weather minima. For
Visual Flight Rule (VFR) conditions this includes selection of
the point to begin the final approach; flying the final approach
leg toward a selected aiming point, avoiding over- or under-
shooting; initiation of flare; guiding the aircraft through
touchdown and roll-out. For Instrument Flight Rule (IFR)
conditions, exactly the same things must be accomplished.
However, the cues for initiating the various phases of the
landing and the procedures for conducting each phase are
based on other information inputs.

Under present IFR techniques and procedures, information
concerning aircraft position and attitude relative to the op-
timal landing profile is presented visually on instruments.
The pilot flies the instruments until the aircraft breaks out
of the overcast. From this point on he is expected to com-
plete the landing under contact conditions. The transition
from instrument to contact flying requires some finite length
of time.

The problem then is to analyze the task which the pilot
must perform under VFR conditions, determine what can be done
to enhance the performance of this task and then to develop a
set of display concepts which will provide the necessary in-
formation. The display concept should allow the retention
of as much of the VFR task during IFR conditions as is possi-
ble. This latter requirement derives from principles of
transfer of training.

3Transfer of training (17) refers to the inhibitory or facili-
tating effects of the performance of one task on the perfor-
mance of a second task. Transfer of training may be negative
or positive. If the performance of the one task inhibits

the performance of the second, the transfer is negative. If
performance of the one task facilitates performance of the
second, the transfer is positive. 1In the given situation,

it is desirable to make the landing performance as much alike
in IFR and VFR conditions as is possible. Then the transfer
from the VFR to IFR landings will tend to be positive.




The VFR Landing Operation

The landing operation can be described in two ways:
What the aircraft does and how the pilot accomplishes this.
Since the former is the easier, we will start with that. For
purposes of the present discussion, we will assume VFR condi-
tions in the daytime, a straight-in approach with no adverse
winds.

 The.Landing.Profi1e.— Figure 1 shows a typical landing
operation profile which consists of four phases:

1. Letdown

2. Initial Approach

3. Final Approach

4, Flare, Touchdown and Roll-out

Letdown

The pilot initiates the letdown phase after reaching some
predesignated point on cruise. This point may be a radio bea-
con, a town or other ground point, or a Distance Measuring
Equipment (DME) distance from the airport runway. The .pur-
pose of the letdown phase is to descend from cruise altitude
to an appropriate approach altitude.

Initial Approach

After the approach altitude is achieved the aircraft is
in the initial approach. During the initial approach phase
the aircraft is slowed and the pilot will make such banking
turns as are necessary to line up with the runway center line.
The initial approach phase ends when the aircraft reaches the
point at which the final approach leg must begin.

Final Approach

The final approach leg brings the aircraft down toward
the aiming point of the runway at an angle which may be dic-
tated by the flight dynamics of the aircraft or by ground-
based landing aids. The selection of the proper point for
initiating the final approach and detection of pitch and
lateral deviations from the proper approach path are most
important tasks. Maintenance of the approach path is impor-
tant if the aircraft is to land safely. The final approach
phase ends with the aircraft approaching runway threshold,

10
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lined up with the center line of the runway at an appropriate
altitude to initiate flare--if a flare is used depends upon
the type of aircraft, rate of descent and airspeed.

Flare, Touchdown and Roll-out

The purpose of the flare maneuver is to slow the rate of
descent of the aircraft, to reduce the forward speed of the
aircraft and. to change the attitude of the aircraft so that
it can be landed at the appropriate point. Impact onto the
runway is called.touchdown. Theoretically. the airplane ceases
to fly at the moment of touchdown. However, the flight does
not end here and neither.  do the pilot's tasks. After touch-
down comes..the. roll-out. When the airplane ceases to fly,
directional .control is at .best marginal. Maintenance of the
aircraft direction. in a straight line down the center of the
runway -is very.important. Further, the heavier the aircraft
and the faster. it lands, the more difficult the problem.

When the aircraft has slowed to the point where the pilot can
maintain control and steer it with the front wheel, the flight
is ended.

The Piloting Task.~ Let us now consider how the pilot
accomplishes these tasks. For this discussion, we will devote
our attention to the final approach and subsequent phases of
the landing maneuver. See Figure 2. The letdown and the
initial approach phases may .be.accomplished by manipulation
of aircraft attitude and power, with reference to indicated
airspeed, vertical velocity and altitude. During these phases
the aircraft must be trimmed to maintain roll and yaw attitudes
for the landing profile.

These are four prerequisites for the final approach:

1. Appropriate angle of attack, and throttle setting;

‘2. Appropriate altitude;

3. Straight and level flight;

4, Lined up with runway center line.
Given these four conditions, the initial task of the pilot is
to select the point to begin the descent toward the runway
aiming point. Once he has begun this descent he must adjust
the rate of descent until it is appropriate for the given sit-

uation. Finally, he must maintain this rate of descent until
he reaches the point to begin the flare.

12
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The above description suggests that there are three
separate distance judgments which face the pilot.4 The
first of these is the distance from runway threshold to
initiate the final approach. It is desirable to initiate
the final approach at a point in time such that the normal
glide path for that aircraft will bring the aircraft across
the runway threshold at the time that flare altitude is
reached.

" The second.distance judgment is the basis for the ques-
tion "Am I .going.to make the runway?" This guestion may be
answered in terms of distance to runway, altitude and sink
rate and .the point on the runway at which the aircraft would
impact if the .given glide path were maintained.

The third distance. judgment .is that of determining the
distance above the runway for. initiation of the flare maneuver.

Given the above information about the nature of the task
which the pilot must perform during the final approach phase
of the landing maneuver, we may ask what cues the pilot has
to aid him in making these distance judgments?

Final Approach

There are three cues which the pilot may use to decide
when the aircraft is the proper distance from the runway to
initiate the final approach. Listed in order of value to
the pilot these are:

Aerial perspective--the change in color of distant objects
coupled with the loss of sharp outline and detail (12), e.g.,
the haziness of more distant objects, can be used as a basis
for learning how far away an object is from the observer.

Angular distance from the horizon to the aiming point on
the runway (14, 15)--this distance will remain constant as long
as the glide slope remains constant. There are two problems:
one is to determine the actual aiming point of the aircraft
and to bring this into coincidence with the runway threshold;
the second is to maintain the coincidence of these two points.

Relative size--the more distant a known object, the
smaller it seems (12). Since the size of the runway is

4The reader will recognize that the pilot must make more than
three judgments in flying the final approach. We are here
discussing only. .distance judgments.

14



known, the reduced apparent size is interpreted as distance.
The problem is to learn the appropriate apparent size which
signals the point at which to initiate the final approach.

To. Make The Runway

With respect to the second distance judgment, i.e.,
making the runway, there are four cues, listed in order of
value to the pilot:

Angular distance between the horizon and the aiming point
--is. dependent upon the fact that the horizon, due to its
apparent placement at infinity, seems to be always the same
distance away (14, 15). Thus, - the angular distance between
the aiming point and the horizon will remain constant so long
as the glide angle remains constant. If the angular distance
between the selected aiming point and the horizon appears to
increase, then the aircraft will overshoot the selected aim-
ing point. In this case, the actual aiming point is further
down the runway than the selected aiming point. Conversely,
if the angular distance between the selected aiming point
and the horizon appears to decrease, the actual aiming
point is short of the selected aiming point and the aircraft
will undershoot. As the aircraft comes closer to the runway,
this judgment is enhanced by the behavior of objects in the
visual field (15). As an example, if one were landing over
trees and the trees seemed to move up toward the runway
threshold, then the aircraft would not clear the trees.

Motion perspective--the relative apparent motion of ob-
jects as the observer moves, e.g., the apparent movement of
hangers and other buildings toward the observer as the air-
craft approaches the runway (12). This cue can be used as a
basis for learning how far away an object is from the ob-
server., This cue is used in conjunction with perceived rate
of sink to estimate the point at which the aircraft would im-
pact, if the given approach path were maintained.

Runway perspective--is the apparent shape or perspective
of the runway (14,15). The pilot must learn the appropriate
shape of the runway which indicates an appropriate approach
path. Then on a given approach, if the runway shape appears
long and narrow the pilot would know that the aircraft would
overshoot the runway. However, due to the fact that runways
differ in length this cue is not as valuable if one is land-
ing away from home. In fact, the operation of this cue can
have a detrimental effect if one is landing at a strange air-
port. As one has more time in the air one gradually incor-

15



porates the effects of this cue into one's. experiential frame
of reference.

Stationary aiming point, the point at which the aircraft
is actually aiming is.said to .be perceived as stationary.
Points above the aiming point will appear.to move away from
the aircraft. Points below the aiming point will appear
to move toward and under. the aircraft. See Figure 3. A
description of this cue. (14) follows:

"If an observer is in motion in a straight line
towards .a point in a pattern, that point will
appear to him to be stationary in the pattern,
and the points. surrounding it will appear to
move radially.away from it."

Gibson (l12) states that non-pilots, when shown a motion pic-
ture of the appearance of the ground from an approaching air-
plane, regularly enjoy a "compelling experience of moving
through space in a specific direction toward the ground. The
angle of this movement and its point of aim can be judged by
all." Havron has attempted to quantify the operation of this
cue (13).

There is another cue which is valuable. only at night and
then on a lighted field. This will be mentioned in passing,
but will be of no value for our present purposes. If one looks
at the gap between the first and second runway lights, the gap
tends to remain constant if. the aircraft maintains the correct
glide path. The gap appears to increase if the aircraft is
overshooting the aiming point, and to decrease if undershooting.
An alternative way of describing this cue is to direct the
pilot's attention to the trapezoid formed by the first two
pairs of runway lights. If this trapezoid appears to thicken,
the aircraft will overshoot. If its thickness remains con-
stant the aircraft is on the correct glide path. If it appears
to get thinner, the aircraft will undershoot (14).

The pilot uses these cues to project impact point of the
aircraft with respect to the selected runway aiming point.
The difference between the intended aiming point and the
projected impact point is an indication of the error in the
aircraft approach path. The pilot attempts to fly the ap-
proach path so that the aiming point and the impact point
coincide. The pilot attempts to null the approach error.

It is thus seen that the information available to the pilot
during the final approach is used very much as the informa-
tion in a compensatory display (10). A compensatory display
presents an indication of the error in the tracking output.

16



Figure 3.

The point at which the aircraft is actually
aiming appears stationary. All points around
the aiming point seem to radiate out from it.
(From Gibson, 12)
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A pursuit display, on the other hand, presents both the de-
sired output. and. the actual output. This analysis suggests
that it might be helpful to construe the VFR landing display

as a compensatory display, if one remembers also that it is not
a simple compensatory display. .The point is to abstract away
the basic compensatory characteristic as a hueristic device.

In characterizing the VFR landing task as utilizing a
compensatory display, we do not wish to imply that such
a characterization explains all of the problems associated
with landing. .The pilots memory of where he has been in an
input to the landing task which is not available in the labo-
ratory situation.. Thus, any display for landing in reduced
visibility must present more than a simple compensatory display.

- The rate of procedure down the glide path is a function
of the loss of altitude, or sink.rate, and ground speed.
The former is controlled by the use of power and the latter
by aircraft attitude. (angle~of-attack) in the case of pro-
peller-driven aircraft. 1In the case of jet aircraft, speed
is controlled by throttle setting. Since there is no propeller
wash over the wings, angle-of-attack in conjunction with
throttle setting is used to control sink rate. We are here
describing the manner in which the pilot flies the aircraft.
The appropriate angle-of-attack and throttle setting is,
of course, a function of the aerodynamics of the individual
aircraft. Final approach ends with the initiation of the
flare maneuver.

Flare

The appropriate altitude to‘begin the flare, if one is
required, is likewise a function of the individual aircraft.
To judge the point at which to initiate the flare maneuver
the pilot must consider:

1. runway alignment;

2. pitch attitude;

3. height above runway;

4, distance to threshold.
Runway alignment is assisted by the existence of the runway
center line. Pitch attitude can be estimated by angular
distance from the horizon. Distance to threshold was con-

sidered above. Height above the runway is a problem in visual
judgment of distance. If all of these factors are not right
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the aircraft may not be flared. The aircraft must go around.
We will consider three cues for distance judgment as valuable
to the pilot to .judge. flare height.

Head Movement Parallax or motion parallax--is based on
the different views of the runway which one obtains when one
scans back and . forth ahead of. the speed blur (12). Use of
this cue is .the reason that the student pilot is instructed
to scan back and forth in the area about 20 feet ahead of
the speed blur. The scanning helps provide more and differ-
ent data for.the judgment through. the .cue of head movement
parallax (motion. parallax).

Motion perspective--the gradient in motion in a direction
as the aircraft approaches the runway (12). See Figure 4.
As the aircraft approaches the runway objects seem to pass
beneath it at greater and greater speeds. The problem is
that things begin to blur if the aircraft lands very fast.
This cue is most useful. for pilots operating slower landing
aircraft.

Density gradient in the texture of the runway and its
surrounds (12). As the aircraft comes closer to the ground,
the gradient becomes much steeper. The increase in density
generally runs upward in the visual field. The problem for
the pilot is to learn the appearance of this gradient at the
appropriate time to begin the flare.

Additional cues which the pilot has to assist in judging
the appropriate distance from. the . runway for flare are the
sizes of familiar objects and the clarity of their detail.

Information Requirements For Landing

As the aircraft comes closer to the point of actual
touchdown, small changes in attitude in any plane become more
important. Thus, it becomes increasingly important for the
pilot to exercise more compete control of the aircraft the
further along on the landing maneuver. As aircraft become
larger and cruise at greater speeds, their handling qualities
at the relatively slow landing speeds become poorer. This
means that the latitude for error correction becomes smaller.
The precision with which the landing maneuver must be per-
formed becomes more important.

It should be recognized that the above discussion has
assumed an aircraft landing in a calm wind. While this may
be the case early in the morning, most aircraft landings are
made in some degree of crosswind. The aircraft in flight is
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Figure 4.

Motion perspective of the field on a
clear day (above) and with an overcast
(below). (From Gibson, 12)
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a part of the air mass. .The .aircraft does not fly through
the air, it flies .in the air. Normally the pilot of an air-
craft crabs (turns) into the wind to maintain a desired
course (ground. track). ..Thus the heading. of the aircraft may
not be identifical.to. the course it flies.

Similarly,.the air mass in which the .aircraft flies is not
static. It .is.dynamic, .continually moving and changing.. This
is particularly. so .near .the ground. Thus the pilot may have
not only to.land. in.a crosswind, but in a gusty crosswind.

The possibility of achieving a landing under such conditions
depends on the velocity of the gusts. In other situations,
local terrain. features--small mountains, lakes, rivers, plowed
fields, etc.~-may.give rise to shear winds at low altitudes.

From the above, it may be inferred that the pilot needs
information to:

1. Assist initiation of the final approach;

2. Achieve and maintain the appropriate glide angle;

3. Warn of over- or undershooting the aiming point;

4, Maintain the appropriate angle of attack;

5. Maintain the appropriate sink rate;

6. Maintain appropriate roll attitude;

7. Maintain an appropriate course;

8. Indicate the crab angle required to maintain course;
9. Assist initiation of the flare maneuver;

10. Maintain aircraft heading during roll-out.

The IFR Landing Operation

The above discussion assumed VFR flight conditions. The
same maneuvers must be accomplished for an IFR landing. The
difference is the information which the pilot has available to
him to accomplish the maneuvers. Figure 6 shows a typical
instrument landing profile. The letdown and the initial
approach are the same as under VFR conditions, with the
exception that the initial approach may be accomplished with

21



22

_ (8T ‘®oTag woxg) cburpuet
pue yoevoadde gr Aep uesaad TeotTddA °G 8anbrg

40LS 13DV
(37vos o1 LON)

1LA0 108

NMOJ HINO L
oNIgaY2IDad

E¥3OIA BivwiiLiN
AIAQANYIN LNO 3HYLL

Sddyd ILVILING

HovwoaddyY daaN3LXT

SSINIAILDIIIZ
Sl 40 NOILVYNIWYEI L

ANSWIOYINI [WAZIWVI0T
ROVYOBddVY TvNid

3aniiinv

AYILINI 2 -
HovodddV LIN Hovorddy

o

AMNBAWIADVYINTG A40T1S 3A1T9
NMoa L37

asinyd

Yid NollwNils3a



the assistance of radar guidance. However, under IFR con-
ditions the pilot must rely on other sources of information
for:

1. Initiation of the final approach;
2. Accomplishing the final approach;
3. Initiation of the flare maneuver;
4, Completing the touchdown and roll-out.

Thus it is seen. that the task of the pilot does not change

during the IFR landing, apart from the demands made on him

by instrumentation and by the IFR approach pattern peculiar
to the airport of intent.

The IFR landing is more complicated due to the fact that
the pilot cannot use the usual visual cues. This condition
places considerable stress on the pilot which tends to make
the task more difficult. The IFR landing is further complicated
by the fact that certain aspects of the task, which are accom-
plished early in the VFR landing, are shifted to the end of the
final approach. These are checks and adjustments of pitch
attitude, bank attitude and runway alignment. These checks
and adjustments contribute to the transition period.

Nature Of The Landing Task

From the analysis presented on pages 17 and 18, flying
the final approach may be construed as a tracking task in
which the pilot is tracking a ramp input with the aid of a
compensatory type display. The approach path which the
pilot wishes to fly is the ramp. See Figure 2. The tracking
task is complicated by the fact that the pilot must control
the aircraft in three dimensions and he must infer the error
in the present position of the aircraft from a projection of
the future position of the aircraft. This latter has impor-
tant implications for understanding the period of transition
from instrument to contact flying.

Laboratory studies of compensatory tracking tasks pro-
vide the following generalizations:

1. Performance of a compensatory tracking task is
aided by including the first and second deri-
vatives of the error (rate and acceleration of
error, respectively) in the input to the subject,
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i.e., the pilot's ability to control the aircraft
on the desired . glide path (7).

When the control is unaided in relation to the dis-
play compensatory tracking is superior to pursuit
tracking with a simple input (9).

With a shallow ramp input, as in the present
case, there is a tendency for the operator to lead
the input, i.e., in the present case, to overshoot (6).

When the desired output is time invarient, as is
the present case, the compensatory tracking task is
equally as efficient as the pursuit tracking task (6,9).

A compensatory indicator can give a more precise pic-
ture of the situation through the utilization of
high display gain (4).

In view of the present analysis of flying the final ap-

proach as a tracking task utilizing a compensatory display,

considerations of the possibility of negative transfer lead

to the conclusion that whatever instrumentation is developed
should present a compensatory-type display.
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THE ACCEPTANCE STUDY

‘The,purpdse of this study was to determine pilot préfer-
ence for the.display of information for landing in reduced visi-
bility. ' Two types. of information display were considered:

..1. The.situation display which presents an integrated
complex..of .information;

2. The display of individual items of information,
e.g.,. sink rate.

Method

The method used was the technique of paired comparisons.
Representative. displays of both types—-situation and individual
displays--were selected. These were arranged in pairs by
display type. The subjects were presented with each pair of
displays and asked to express a preference for one of the pair.
After the preference was stated the subject was asked the rea-
son for the preference. A no-preference response was con-
sidered a legitimate response.

After all pairs of displays had been exhausted the sub-
jects were asked two gquestions.designed to elicit information
about the cues they . used. to land the aircraft in VFR and in
IFR conditions. Finally, three questions designed to elicit
information about required engine performance data were asked.
Appendix .I contains the data collection sheet and the ques-
tions.

Subjects

The subjects were 30 American Airlines line pilots, each
of whom were interviewed separately. American Airlines pilots
were used because they were not familiar with any of the sit-
uation displays in the study. Thus familiarity with a parti-
cular situation display could not influence their choice.

The average age of the pilots was 46 years. Their age range
was 34-58 years. They had been flying for an average of 26
years; the range was 10-38 years. They had an average of
17,520 hours in the air; the range was 3,000~26,800 hours,
Of the 30 pilots 29 were qualified in jet aircraft. The
average number of hours in jets and the range was, respec-
tively, 2,490 hours and 984-4,140 hours.
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Instructions To Subjects
The following instructions were given to the subjects:

"Serendipity.Associates is a small human factors
~research.company.. We.do contract research for
various .government. agencies and for private cor-
porations. We have a contract with NASA to design
a research program. to develop displays for all-
weather landings.

One important aSpect of a display for all-weather
landings . is the attitude of the pilots toward the
display and the. elements that make up the display.
We will therefore be concerned with the degree

of acceptance by pilots of different ways of pre-
senting. data.

We have. selected different examples of each of
several types. of displays. These displays are
mounted in pairs on cards." (The subjects were
shown a sample card.) "For each pair we would
like you to indicate the display which you pre-
fer and the reason for the preference. It is
of course possible that there is no preference
between the items of a given pair. In that
case, you should so indicate.

Do you have any questions?"

Situation Displays
Four situation displays were chosen:
1. The Collins 329B-7A flight director display:
2. The Spectocom windscreen display;

3. The type A windscreen display of Baxter and
Workman(2) ;

4. The General Electric CRT display.
The Collins display (11) was chosen to represent the
conventional panel mounted situation display. It is a stan-

dard fly-to director display which, it was estimated (cor-
rectly), would be unfamiliar to the subjects of the study.
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The Spectocom windscreen display (2) was chosen as one of two
windscreen displays because it was rated so low by Baxter

and Workman. Further, it was felt that it presented a fairly
cluttered-up appearance. The Type A windscreen display (2)
was chosen because it was .a synthesis of the best characteris-
tics of several. displays by Baxter and Workman. Further, it
was felt that it presented a relatively clear picture of the
landing situation.. .The General Electric Cathode Ray Tube
display was presented because it was felt that a CRT type
should be included. We took the picture which was used out
of the article by Bradbury (5).

Individual Information Displays

The following individual information displays were se-
lected.

1. Altimeters (3); conventional 3-pointer, with the
10,000-foot pointer modified as a moving index
and a vertical moving tape with a fixed index.

2. Airspeed indicators (3); conventional dial, digital
readout and a vertical moving tape with a fixed index.

3., Vertical rate of climb or descent (3); conventional
with fine graduations, conventional with minimum
graduation and vertical tape with a moving index.

4, Turn and bank indicators (2), graduation vs. no
graduations. ‘

5. Attitude indicators (climb-dive and roll indica-
tors) (2); displacement bars vs. hinged pointers,
both fly-to indicators.

6. Glide slope and localizer indicators (2); hinged
fly-to needles vs. a center hinged localizer with
a displacement bar for glide slope.

Appendix II presents the displays used.

Reliability And Validity

The altimeters, airspeed and sink rate indicators were
chosen to assess the reliability and validity of the results
of the study. The method of assessing validity was to com-
pare the preference for certain display methods with recom-
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mendations for these same types of displays in the human
engineering literature. If the. preferences indicated by

the pilots coincide with. the human engineering recommendations,
and if the. pilots.reasons given for their preference coincide
with the human engineering literature's reasons for recom-
mendations, . the. results of.the. study would be assumed to have
been validated..

Assessment of. the reliability (internal consistency) of
the results of the study is afforded by the use of the paired
comparison technique. On the assumption that consistent pre-
ferences follow the transitive law,” the preference choices
could be used. to assess consistency. With three displays,
there are two tests for consistency:

1. XPy and yPz, then xPz;
2. xPz and zPy, then 2zPy.

By successive substitutions of A, B.and C for x, y and z all
possible combinations may be developed.

The consistency test was applied also to test the results
obtained with the four situation displays.

Results

Tables 1 through 14 give the results of the display pre-
ference for each of the instrument types presented and the
reasons given for each instrument type picked.

Since there were three instrument types for airspeed
(Table 1), altitude (Table 3), and rate of climb (Table 5),
these tables show the number of subjects who picked each
of the types over either of the remaining types. However
the actual preference for each subject was determined by
the instrument display he picked over both of the other
two displays. For example, if subject number I picks A
over B, B over C, and A over C, his preference was A since
it was picked over both B and over C. This same method was
used for the scoring of the situation displays (Table 13)
except that there were four types and the type preferred
must have been picked over all three of the others., In
cases where the subject had a "no preference" choice the
subject's preferences were analyzed for consistency and a
5In the present context the transitive law would read "If A is
preferred to B and B is preferred to C, then A is preferred to
C.,
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preference was assigned logically.

Table l1.shows the results of the comparisons of the air-
speed presentations and Table 2 gives the reasons for their
preferences.6 The conventional clock-type instrument was the
first preference of the pilots. X2 = 7,52, p<.05.

Table 1. Preference scores for airspeed pre-

sentations.
First Times Picked Over
Instrument Type Preference A B C
A. Digital Readout 4 - 7 8
B. Conventional clock-type 16* 23 - 18
C. Vertical (moving) Tape 9 16 11 -
No Preference 1l

% )
Significant at the .05 level of confidence.

Table 2. Reasons and frequency of reasons for pilot
preference of airspeed presentations.

Reason for Preference £

1ST CHOICE B (conventional clock-type)

Familiarity (experience) 12
Read angle of pointer 11
Can see trend 8
Easier and quicker to read 4
Relationship to other number:

Range 4

2ND CHOICE C (vertical tape)

Can see trend 5
Easier and quicker reading 4

6In this and the following tables which list reasons for
preference we have chosen to present only those reasons
with a frequency greater than 3. A complete list of rea-
sons for preference is shown in Appendix III.
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Table 2 (continued)

3RD CHOICE A (digital readout)

Simple,. precise 4

Table 3 presents the altimetry preference scores and
indicates that the yellow-line altimeter (B) was the first
preference of the pilots. X2 = 10.69, p<.0l. Table 4
lists the reasons for the choices in Table 3.

Table 3. Preference scores for altitude presenta-

tions.
First Times Picked Over
Instrument Type Preference A B C
A. Vertical Moving Tape 7 -- 8 10
B. Yellow-line Altimeter 18%* 20 - 25
C. Conventional 3-Pointer 5 20 5 -

E3 .
Significant at the .01 level of confidence.

Table 4. Reasons and frequency of reasons for
pilot preference of altitude presentations.

Reason for Preference £

1ST CHOICE B (modified conventional clock-type)

Easy to read 10
Less chance for error 4
An improvement 4

2ND CHOICE C (conventional 3-pointer altimeter)

Familiarity (experience) 8
Easier to read 4

3RD CHOICE A (vertical tape)
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Scores of the pilot preference of the veritcal speed.
indicators are presented in Table 5. The reasons for their
preferences are presented in Table 6. Pilots preferred the
clock-type (A) or (B) significantly over the vertical fixed
tape (C). X2 = 13.71, p<.01.

Table 5. Preference scores for vertical speed

. presentations.

. First Times Picked Over
Instrument Type Preference A B c
A. Conventional Clock-type 10 -— 11 22
B. Modified convenﬁional 13 18 - 23
C. Vertical Fixed Tape 5% 7 6 -

No Preference

*
Significant at the .01l level of confidence.

Table 6. Reasons and frequency of reasons for pilot
preference of vertical speed presentations.

Reason for Preference £

1ST CHOICE B (graduated standard clock-type)

Less Interpretation/markings 13
Familiarity 9

2ND CHOICE A (conventional clock-type)

Simple-No clutter: no need

for more markings 13
Familiarity 7
Easy to read 5

3RD CHOICE C (vertical tape)

Frequency of preference for the two attitude indicators
are given in Table 7. There is not a significant difference
between the choices of either A or B. Table 8 lists the
reasons for the choices.
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Table 7. Preference scores for attitude presenta-

tions.
First
Instrument Type Preference
A. Displacement bars 14
B. Hinged pointer 11
No Preference 5

Table 8. Reasons and frequency of reasons for pilot
preference of attitude presentations.

Reason for Preference £

1ST CHOICE A (bar movement)
Like bar-type movement 7
2ND CHOICE B (hinged pointer)
Easier/quicker to read 4
The preferences for the two turn and bank indicators

(Table 9) indicate that B was picked significantly more than

A. X2 = 12,49, p<.0l. Table 10 gives the reasons for the
preferences.

Table 9. Preference scores for turn and bank pre-

sentations.
First
Instrument Type Preference
A, Standard 5
B. Graduated 24%*
No Preference 1

. .
Significant at the .0l level of confidence.
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Table 10. Reasons and frequency of reasons for
pilot preference of turn and bank pre-
sentations.

Reason for Preference £
18T CHOICE B (marked conventional)
Scale markings 16

2ND CHOICE A (unmarked conventional)

Table 11 shows the results of the comparison of the glide
slope and localizer instrument. B was picked significantly
more than A. X2 = 11.57, p<.0l. Reasons for these choices
are given in Table 12.

Table 11. Preference scores for glide slope and
localizer deviation presentations.

First
Instrument Type Preference
A, "Fly~to" needles 5
B. Center hinges and dis-
placement bar 23%
No Preference 2

*
Significant at the .01 level of confidence.

Table 12. Reasons and frequency of reasons for pilot
preference of glide slope and localizer
presentation.

Reason for Preference £
1ST CHOICE C (moving bar-center hinge)
Don't like hinged pointer 6

2ND CHOICE A (standard blue-yellow hinge type)
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The results of the comparison of the four situation dis-
plays are presented in Table 13. The reasons for the choices
are presented in Table 14. Although the Type A display was
picked more than any of the other three displays, the X2 was
not large enough for significance at the .05 level of confi-
dence. However, comparing the two windshield displays, A
(Spectocom) and C (Type A) against the other two, we find
that the windshield type was picked significantly more than
the other type. X2 = 11.16, p<.0l1.

Table 13. Preference scores for situation displays.

First Times Picked Over
Instrument Type Preference A B C D
A. Spectocom 7 e 19 12 16
B. Collins 4 11 - 9 10
C. Type A 11 l6 18 - 18
D. General Electric 7 12 18 10 -

No Preference 1l

Table 14. Reasons and frequency of reasons for pilot
preference of situation displays.

Reason for Preference £

1ST CHOICE: C (Type A)

Windshield 15
Better pictorially 11
Simpler; less interpolation 5
Runway 4

2ND CHOICE:’ A (Spectocom)

Simplicity making it easy to read 15
Windshield 11

3RD CHOICE:/ D (General Electric)

"Real" pictorial presentation 20
Simplicity/easy to grasp 5

7Tie for second.
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Table 14 (continued)

4TH CHOICE: B (Collins)

Familiar: less transition 13
Simpler: more understandable 6

When considering these displays as regards presentation
of the situation of the aircraft in relation to the glide
slope, the Spectocom was the only one which does not display
this information. Displays B, C, or D, which give the sit-
uation of the aircraft as regards to glide slope, were picked
significantly more than tBe Spectocom which only has a Command,
"Fly-To" director., ' The X = 7.76, p<.0l.
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